In the framework of the GEODYnamics of South and South-East Asia (GEODYSSEA) project a network of 42 stations was observed by GPS during two field campaigns in 1994 and 1996. BKG and GFZ realized a third observation of the complete network in 1998. The data was analyzed independently by two analysis centers and a precision of the coordinate solutions was found to be 4-7 mm for the horizontal, and 10 mm for the vertical component. Subsequently, these campaign solutions were merged into one unique solution, which was accurately mapped into the International Terrestrial Reference Frame of 1997 (ITRF97). The global accuracy of this solution with respect to ITRF97 is of the order of 10 mm, while the resolution of the relative horizontal velocities is estimated to be at the level of 2-3 mm/yr. Comparison of the new solution with the previously published GEODYSSEA solution indicates, that improved results for the motion of Sundaland, South China and the overall deformation in the area could be found. Improvements are due to the increased time span and due to a better connection to and the advances in the ITRF reference frame. The new set of coordinates and velocities is used as the basis for scientific interpretations, which have been and will be published in separate papers.
Introduction
The GEODYnamics of South and South-East Asia (GEODYSSEA) project (Wilson et al., 1998; Wilson et al., 2000) was initiated as a common EC-ASEAN project in order to investigate the complex geodynamic processes in SouthEast Asia. They result from the convergence and the collision of the Eurasian, Philippine Sea, Indian, and Australian plates with relative velocities of up to 0.1 m per year. A detailed description of the geodynamics of South-East Asia can be found in Rangin et al. (1990) .
Former investigations in South-East Asia, using GPS for regional and also for local measurements, were mainly limited to one national territory. Geodetic and geodynamic activities in South-East Asia were concentrated in the past among others on the Sumatra subduction zone (Prawirodirdjo et al., 1997) , the Java trench (Tregoning et al., 1994) , Irian Jaya and parts of the Philippine fault (Duquesnoy et al., 1994) . The GEODYSSEA project, on the contrary, aimed at determining the tectonic motions homogenously for the entire region of South-East Asia. The result is a uniform representation of the kinematics in the global reference frame ITRF and a first order reference system in which smaller networks and regional studies can be merged. The project was carried out by a large international group of participants including 22 official authorities and institutions of 14 different Asian and European countries. After the official end of the project in 1997, the Bundesamt für Kartographie und Geodäsie (BKG, the former IfAG) and the Copy right c The Society of Geomagnetism and Earth, Planetary and Space Sciences (SGEPSS); The Seismological Society of Japan; The Volcanological Society of Japan; The Geodetic Society of Japan; The Japanese Society for Planetary Sciences.
GeoForschungsZentrum Potsdam (GFZ) decided to spend their own resources for a third campaign, analogous to the two other GEODYSSEA campaigns, for verification of results and in order to increase the accuracy. This paper describes the geodetic results of the project based on the combined analysis of the three GPS campaigns in 1994, 1996, and 1998 . A new solution for station coordinates and velocities was calculated taking into account all campaign results and additional permanent stations of the International GPS Service (IGS) tracking network (Beutler et al., 1998) .
The GEODYSSEA Network
The GEODYSSEA network ( Fig. 1 ) covers an area of more than 4000 × 4000 km and includes approx. 42 observation stations throughout South and South-East Asia. The stations were selected especially for the project in order to ensure a good covering of all important tectonic blocks in the area. Prior to the first measurements the stations were monumented in parent-rock, if possible, using specially designed bolts (see figure 1 in Reinking et al., 1995) which guarantee a repeatable centering accuracy of 0.2 mm. This work was done by teams, each consisting of one geodetic engineer and one geologist or geophysicist from the EU countries and the respective ASEAN partner country, who measured simultaneously, using GPS, at each station a local ground network consisting of the main GEODYSSEA marker and 3 witness marks. In case of a destruction of the main marker the witness marks will allow to still use the site for velocity estimation.
While in the highly developed industrial countries more and more permanent GPS networks are being established, the logistic and infra-structural problems of the South-East Asian countries at the beginning of the GEODYSSEA project Arrows indicate the overall motion of the plates.
allowed us to observe a network of this dimension only by geodetic campaigns. The measurements were designed appropriately so as to be able to respond to the problems occurring with epoch-measurements for the interpretation of the results, e.g. due to transient effects in the position, such as those induced by earthquakes, or due to time variations and episodic motions of the stations. In order to minimize the influences of errors in the reference system, the satellite orbits, and the ionosphere, all main stations in the GEODYSSEA network were observed simultaneously and continuously for a period of five days. The typical record and analysis of one campaign includes 220 station days with 24 h sessions. As there were no GPS permanent stations of the IGS in the region of investigation it was necessary to use the nearest permanent stations for the connection to the ITRF. Thus, the data of four stations of the Australian Survey and Land Information Group (AUSLIG) on the Australian Plate were added. The six nearest IGS stations, Kitab (Uzbekistan), Taipei (Taiwan), Tsukuba (Japan), Cocos Island, Tidbinbilla, and Yarragadee (both in Australia) were selected from the IGS tracking network. The last campaign in 1998 had new stations available, among others especially Chinese stations, and so significantly more permanent stations with known ITRF coordinates could be included. This led to a significant increase of the reliability of the ITRF connection , as seen in Fig. 1 . In addition, the data of 26 stations of the Asia Pacific Regional Geodetic Project 1997 (APRGP97) (Luton et al., 1998; AUSLIG, 1999) could be used. This project serves to establish a regional reference system for Asia, South-East Asia, and the Pacific and covers 66 GPS stations, eight of which being GEODYSSEA stations and about 30 being IGS stations.
For all three observation campaigns during the project, BKG and GFZ used only Trimble 4000 SSE/SSi GPS receivers with geodetic antennas in order to avoid problems that may occur when different receiver and antenna types are combined, see also . The data delivered by AUSLIG and the IGS were collected with TurboRogue and Ashtech receivers in connection with Dorne Margolin antennas. The first GEODYSSEA-94-GPS campaign took place from November 28th through December 2nd, 1994, it was repeated twice, from April 18th through 22nd, 1996, and from November 19th through 23rd, 1998. Fortunately the loss of data during all three campaigns in consequence of receiver breakdown, observational errors, and logistic problems can practically be neglected. Problems were only caused by destruction of stations, but between 1994 and 1998 only two stations (BOSO, AMIT) were definitely destroyed. At two stations (BRUN, SURI) it had to be switched to one of the witness marks.
Analysis of the GPS Data
The observations of both original GEODYSSEA campaigns were analyzed by four analysis groups, DEOS (TU Delft), ENS (Paris), BKG and GFZ, each of them using their favored software and analysis strategy. The GPS software packets applied, in order, contained four of the presently best-developed systems: GIPSY-OASIS II V2.1 (Blewitt et al., 1988) , GAMIT V9.4 (King and Bock, 1993) , EPOS V3.0 (Angermann et al., 1997) and BERNESE V4.0 (Rothacher and Mervart, 1996) . As described in Simons et al. (1998) , Angermann et al. (1998) , a very good convergence could be proven for the different solutions within the range of 2-5 mm for the horizontal, and of 8 mm for the vertical component. For an uniform solution of all three epochs now existing, BKG and GFZ undertook a re-adjustment combining only their results with the Bernese and EPOS software. The general procedure can be characterized as follows:
• Computation of loosely constrained daily solutions using the ionosphere-free linear combination (EPOS) or QIF-ambiguity fixed observations (Bernese software),
• Estimation of tropospheric zenith path delays in 4 or 2 h intervals,
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• elevation mask, 30 sec observation rate,
• IGS antenna phase center corrections after Rothacher and Mader (1996) plus modifications for the new TRM33429.00 microcentered antenna of TRIMBLE in 1998,
• Definition of datum by fixing the combined IGS orbits and earth rotation parameters.
Fixing the ambiguities, although successful in 80% of the cases on an average, presents a great problem in the area of investigation. Due to the strong ionospheric activity with geometry free L4 residuals amounting to several meters, and, due to the well-known tracking problems with the Rogue receivers at the IGS stations (IGS, 1998), special attention had to be paid to the data correction because of the estimation of ionospheric models and of the parameter setup in the Bernese software. After several iterations, nearly 5% of the station days were found to be outliers and were excluded from the combined solution. The epoch solutions and the total solution were computed by combining the daily normal solutions of BKG and GFZ with the program ADDNEQ of the Bernese software. For this the normal equations of GFZ, available in the SINEX format, were transformed into the Bernese format and all normal equations were weighted corresponding to their internal accuracy.
Internal network precision
The internal network precision is often estimated using the daily repeatability of the station coordinates computed. For the GEODYSSEA-94 and -96 campaigns mean deviations of station coordinates of 3 mm for the latitude, 6 mm for the longitude, and 8 mm for the height have been found (cf. Simons et al., 1999 ). An even more rigorous check of the quality was obtained by a comparison of the four GEODYSSEA-94 and -96 solutions that were computed nearly independently by BKG, DEOS, ENS, and GFZ. The internal consistency of these solutions amounts to 2-5 mm for the horizontal, and 7 mm for the vertical component . Taking additional systematic errors (reference system, residual errors of the IGS orbits, antenna phase center corrections) into account, for GEODYSSEA-94 and -96 a network accuracy of 4-7 mm for the horizontal, and of 10 mm for the vertical component can be assumed. In 1998 the improved quality of the IGS products for satellite orbits, earth orientation and reference network led to an increase of accuracy. Table 2 gives an overview of the internal accuracy of the epoch solutions of BKG and GFZ.
Connections to ITRS
The loosely constrained solutions had to be transformed into ITRF in an adequate way in order to determine coordinates and velocities within the global reference system. In the solution presented here the ITRF97 (Boucher et al., 1999) is used, which offers an increased number of sites with improved values for coordinates and velocities compared to the ITRF96 (Sillard et al., 1998) . For the mapping into the ITRF the procedure follows the strategy of IGS for densification of the IGS polyhedron (see e.g. Davies, 1997) . This means, that for each epoch of GEODYSSEA, the loosely connected network solution is combined with a global, free, weekly solution of the IGS global analysis centers, see Table 2 for the name of the solutions used. The global SINEX files and further information is available from the IGS data centers, see e.g. Noll (2000) . The number of stations in the global data sets was reduced to the 52 IGS core stations.
Combining these global, loosely constrained solutions, now including the GEODYSSEA regional network, a final solution in the ITRF97, using a 6 and 3 parameter Helmert transformation on coordinates and velocities respectively of selected IGS sites, is computed. This procedure improved the datum definition of both velocities and coordinates. Table 2 also lists the residuals and rms of the Helmert transformation in each epoch that shows the improvement over the years. Accuracy is discussed in detail by Angermann and Becker (2000) . As for stations with discontinuities caused by earthquakes, either two different velocities were estimated or a new point was introduced formally to only estimate one velocity for the undisturbed interval.
A comparison between the IGS station coordinates from the final GEODYSSEA solution with ITRF97 values gives mean errors within the coordinate residuals of 5, 8 and 7 mm for latitude, longitude and height. This illustrates that the global accuracy with respect to ITRF97 amounts to be in the range of 10 mm for the horizontal and for the vertical station position as well. In the combined global adjustment the formal 1−σ uncertainties of station positions are in the order of 1-3 mm for position and about 3-5 mm for the height. The estimations of station velocity within ITRF97 have formal (1 − σ ) uncertainties of 0.3-0.9 mm/yr for the horizontal, and of 3 mm/yr for the height component respectively.
Results and Discussion
The principal results of data analysis are the station velocities being computed together with the station coordinates. The final combined solution containing coordinates and velocity estimations of the GEODYSSEA points within ITRF97 is shown in Fig. 2 . The formal accuracies of the global adjustment are too optimistic because of the great number of observations and the neglecting of correlation in the GPS observations. The uncertainties and corresponding error-ellipses have been rescaled by a variance factor of 7.5 to represent approximately the internal accuracy from the network repeatability of the daily solutions.
A detailed analysis of the results can be found in Michel et al. (2000) in this volume; therefore we give only a summary of the most important results. Figure 2 presents, in addition to the measured velocities, the geologic-geophysical velocities of the No-Net-Rotation (NNR) NUVEL-1A model (DeMets et al., 1994) . The deviations from the model can be divided into two groups. Within the active deformation zones at plate boundaries, e.g. West of Sumatra, on Sulawesi, and/or on the Philippines, the expected motion anomalies are caused by active tectonics and motion along major faults. Fig. 2 . Velocities of the final GEODYSSEA solution in the ITRF97 reference system (black) and NNR-Nuvel-1A vectors (gray, no error ellipses). Data of 1994 Data of , 1996 Data of , 1997 Data of and 1997 were combined for the velocity estimation. Formal error ellipses are rescaled by a variance factor of 7.5 for a better approximation of the accuracy, cf. Section 4.
Important new information on active plate boundaries and local deformation processes, as they have been found analyzing the two first campaigns (Simons et al., 1999; Michel et al., 1998) , was confirmed. Observations with co-seismic shifting, e.g. the GEODYSSEA station on the island of Biak (BIAK), Indonesia, which moved horizontally for more than 1.2 m (0.90 m/yr North, 0.42 m/yr East) as a consequence of an earthquake in 1996 with a magnitude of 7.4, have to be modeled by epochs as discontinued processes with variable velocity. Between 1996 and 1998 Biak moved differently with 0.09 m/yr North and −0.01 m/yr East. In another example, Surigao (SURI) on the Philippine island of Mindanao, the velocity vector significantly changed due to an earthquake. For this station a velocity change from 22 mm/yr to 13 mm/yr for the latitude, and from −16 mm/yr to +11 mm/yr for the longitude could be observed. Table 3 gives the estimated accuracy for the results of each analysis. The mean values and the standard deviations of the estimated velocities from both the two first and the two last solutions with respect to the final global solution were computed. The velocities from epochs 1994-1996 have a systematic difference in the horizontal component. Scattering is also significantly higher than in epoch 1996-1998. This shows, that the accuracy estimated on the basis of repeatability, cf. Table 1 , is too optimistic. The weakness of the ITRF connection due to the lack of IGS permanent sites in the area may lead to such systematic effects and has surely influenced the solution of the two first epochs. As discussed in Angermann (1998) , Angermann and Becker (2000) , different ways of mapping the GEODYSSEA network onto the ITRF may lead to coordinate changes in the 10 to 20 mm range and may cause a distortion or rotation of the network. With the 1997 and 1998 data added, the increased time span and the increased number of permanent sites used for the mapping, these systematic effects are minimized, cf. Section 5 for further remarks. The velocities computed separately solely from the solution of BKG and GFZ show a good agreement for the horizontal components. The vertical component may eventually contain systematic components from the modeling (among others antenna phase center corrections and troposphere).
A new and important finding from the two first GEODYSSEA campaigns with far-reaching consequences for interpretation of tectonics in South-East Asia was the definition of the Sundaland block that behaves differently from the Eurasian plate (Wilson et al., 1998) . The formerly observed motion of the Sundaland block, which adopted a twodimensional block velocity model for 12 stations (NONN, CHON, KUAL, MEDA, PHUK, TABA, TANJ, BATU, BAKO, UJPD, BUTU, BALI) described by an Euler vector, has to be modified after including the data of 1998. Using the velocities of the Sundaland sites listed in Table 4 , plus the ITRF97 velocities of Shanghai, Wuhan, Xian and Singapore, the Euler vector shows a polar rotation of about 0.34 ± 0.01
• /Ma with a pole position of 59.7
• ± 2.8
• N and 102.7
• ± 3.9
• W in the ITRF97. These new values differ slightly, but significantly, from the ones previously published (Chamot-Rooke et al., 1998; Michel et al., 1998) . They do confirm the differential motion of the Sundaland block versus Eurasia and are more reliable due to the better connection to the ITRF in the new solution as compared to the data of the first two campaigns alone. For a detailed discussion and comparisons to the results of other project carried out in this region cf. Michel et al. (2000) .
Outlook
In the future we may expect further improvements of the results presented here from a global solution from 1994 to 1998. Thanks to the initiative of the IGS analysis centers towards a re-computation of all GPS orbits from the beginning of the IGS on the basis of the ITRF97 coordinates and velocities, a re-adjustment of the campaigns of 1994 and 1996 can be made in a uniform reference system. This would surely further enhance the internal and external accuracy of these first two solutions. Improvement of orbit accuracy for the periods of the first two campaigns can be gained by adding some selected GEODYSSEA stations for the orbit computation. This method would result in a densification of the poor network of reference stations of the years 94 and 96.
Future geodetic investigations will increasingly concentrate on selected parts or regions of the original GEODYSSEA project area using networks of permanent stations being set up in South-East Asia. This allows a further, yet less expensive control of very interesting sections of the GEODYSSEA network. Local studies, especially at plate boundaries and at selected fault zones exist already in connection with the campaigns observed up to now. First results are published e.g. in Becker et al. (1998a,b) , Simons et al. (2000) , Walpersdorf et al. (2000) and further publications are forthcoming. 
